This study wants to provide fundamental understanding of prolonged storage time on asphalt 25 rubber binder properties by performing an investigation on the variation of conventional 26
Introduction 40
Over the last decades, the use of crumb rubber from scrap tires in hot asphalt mixes has 41 become a frequent practice in road construction. The use of asphalt rubber has advantages 42 such as the development of environmental friendly products (Dantas Neto et al., 2006) , 43 improvement of mechanical performance of asphalt paving mixes (Minhoto et determine parameters such as G*/sin(δ), a measure of permanent deformation resistance 125 which means that a higher value of G*/sin(δ) means better resistance. Beyond that, G*× sin(δ) 126 is related to fatigue response (SHRP, 1994) . 127
The use of asphalt rubber in the wet process requires specialised equipment that allows 128 continuous agitation of the material. Another option could be to produce the asphalt rubber 129 and immediately send it to the mixer, so to avoid issues linked with the poor storage stability 130 of the material. In both cases, currently one of the major points of debate is how long can we 131 hold asphalt rubber in a digestion tank? Also, is the effect similar if we use cryogenic crumb 132 rubber rather than a more conventional ambient crumb rubber? Sometimes there is equipment 133 breakdown, and contractors do not wish to discard a large quantity of asphalt rubber or 134 asphalt rubber mix. 48 hours seems to be the preferred solution from contractors, thus, the 135 objective of this paper is to realize the effect of long digestion time (up to 48 hours) in the 136 performance of the asphalt rubber manufactured with both ambient and cryogenic crumbs, 137 assessing its mechanical behaviour, performance related behaviour and internal structure. 138 139
Objective 140 141
This work studied four different asphalt rubbers produced with a digestion time up to 48 142 hours. The asphalt rubbers were composed with two conventional asphalt binders (35/50 and 143 50/70 pen asphalt) mixed with two crumb rubbers, an ambient crumb rubber and a cryogenic 144 crumb rubber. The behaviour of the asphalt rubbers was studied by the evolution of 145 rheological properties over time as well as their morphology through Scanning Electron 146
Microscopy. More conventional characterisation, namely penetration, softening point, 147 resilience and viscosity, was also carried out. For each asphalt binder, the evolution of shear complex modulus (G*) and phase angle (δ) 163 with temperature is presented in Figure 1 and Figure 2 , respectively. These figures allow to 164 verify that in fact asphalt binder A35/50 is stiffer than A50/70 and presents a lower phase 165 angle. These differences are more evident for low temperatures up to 60ºC. The shear complex modulus and phase angle of the asphalt rubber produced with the asphalt 273 binder A35/50 and cryogenic crumb rubber are presented in Table 2 and represented in Figure  274 9 and Figure 10 . 275
The results of the shear complex modulus and phase angle show differences with the 276 digestion time mainly in terms of phase angle. G* is almost constant during the time whereas 277 the phase angle has a clear decrease with the digestion time, following a logarithm variation 278 with the digestion time. For long digestion times, the asphalt rubber becomes more elastic. 279
The results show that as the temperature increases the influence of the digestion time in shear 280 complex modulus decreases, since G* tends to stabilize during the digestion time. The 281 evolution of phase angle depends on temperature too. At high temperatures, the phase angle 282 decreases with the increase of digestion time, which means that the asphalt rubber becomes 283 more elastic and at low temperatures the digestion time doesn't have a big influence on the 284 phase angle, especially after 8 hours of digestion time where it remains almost constant. 285 286 The evolution of the shear complex modulus in asphalt A35/50 modified with ambient crumb 298 rubber, presented in Figure 11 is similar to the cryogenic crumb rubber. However, the shear 299 complex modulus is more constant during the digestion time compared to the same results for 300 the cryogenic rubber, without significant differences during the time. 301
The phase angle in asphalt A35/50 modified with ambient crumb rubber, presented in Figure  302 12, presents a huge decrease after the initial digestion time but it trends to a constant value 303 after 8 hours of digestion time. The values of shear complex modulus as well as of phase 304 angle are indicated in Table 3 . 305 306 8  91  52  30  18  10  5  3  49  50  52  55  62  69  74   24   92  52  29  18  10  6  4  50  50  51  53  57  63  68   30  100 57  32  17  10  6  4  50  50  51  54  57  61  65   48  109 61  34  20  12  7  4  49  50  51  52  55  59 The results of the asphalt rubber produced with the asphalt binder A50/70 and ambient crumb 341 rubber are presented in Table 5 and represented in Figure 15 and Figure 16 , and, unlike the 342 asphalt rubber with cryogenic rubber, the complex modulus tends to decrease after the initial 343 digestion time. After, the shear complex modulus is constant. In terms of phase angle, that is 344 constant after 8 hours of digestion time, it has two different behaviours depending of the 345 testing temperature: for low temperatures the phase angle increased with the digestion time 346 whereas for high temperatures it decreases. 347 348 Despite the asphalt technologist is moving towards rheological characterisation of complex 375 binders, the typical conventional tests such as penetration, softening point, resilience and 376 viscosity still play an important role in the evaluation of the asphalt rubber properties within 377 stakeholders. In fact, these properties are still prescribed in specifications which indicate the 378 target values that must be followed for a proper asphalt rubber design. 379 Table 6 presents all results 
384
The needle penetration test results are condensed in Figure 17 . A clear decrease on the 385 penetration was observed from 42 mm/10 and 61 mm/10, respectively for A35/50 and A50/70 386 asphalts, for values in the range of 23-26 and 28-38 mm/10. 387
For A35/50 asphalt, despite some variations in the asphalt rubber consistency, the influence of 388 digestion time is not clear since the penetration is almost constant. Beyond that, the maximum 389 variation of the penetration on the 48 hours is 3 mm/10 for the asphalt rubber produced with 390 ambient crumb rubber which evidences the small effect of digestion time on the penetration 391 parameter. For the cryogenic crumb rubber, the variation was only 2 mm/10. 392 For A50/70 asphalt it is evident that the addition of crumb rubber increases the asphalt rubber 393 stiffness at 25ºC, since the penetration for conventional asphalt is 61 mm/10 and for the 394 asphalt rubber is at least 38 mm/10. 395
During the digestion time, the penetration varies differently depending on the crumb rubber 396 type. For asphalt rubber with cryogenic crumb rubber the penetration tends to be almost 397 constant during the mixing time with a variation of 4 mm/10. For the asphalt rubber with 398 ambient crumb rubber, its penetration is higher than the penetration of the asphalt rubber with 399 cryogenic crumb rubber and its tendency is to increase with the digestion time reaching a 400 steady state after 24 hours. 401
The results obtained from the penetration test allows to conclude that the asphalt rubber 402 consistency at 25ºC depends on the type of asphalt and type of crumb rubber. The digestion 403 time influences the consistency only of the asphalt rubber with the softest asphalt and with the 404 ambient rubber. 
Summary of results 472
As a result, the following was observed: 473  Looking at the morphology of the asphalt rubber, by means of SEM, it is confirmed 474 that when the digestion time increases, the dispersion of the crumb rubber into the 475 asphalt rubber increases. Beyond that, the changes in the morphology of the rubber 476 particles are evident and cryogenic rubber particles seems to maintain better their solid 477 shape while ambient crumb rubber looks well dispersed and hardly recognisable after 478 48h of mixing in the asphalt binder. 479  In support of this, the analysis of the rheological properties highlighted that, only for 480 the asphalt rubber with ambient crumb rubber, the shear complex modulus is 481 decreasing with increasing the digestion time. On the other hand, the phase angle, 482 varies within the first hours but then stabilizes for long digestion times. These changes 483 seem to be overall beneficial for the asphalt binder. 484  In terms of conventional tests: the influence of digestion time on penetration of asphalt 485 rubber at 25ºC is dependent on the type of asphalt binder and type of crumb rubber. 486
Increase in digestion time seems detrimental only with ambient rubber and pen 50/70. 487 see that the asphalt rubber binders with cryogenic rubber do not decrease their 489 softening point during digestion time. Also, the evolution of the softening point of the 490 asphalt rubber binders with the ambient rubber depends on the type of conventional 491 asphalt binder. In terms of resilience, tests showed that a long digestion time has no 492 remarkable disadvantages in the elastic characteristics of the asphalt rubber, while the 493 results of the high service temperature viscosity confirm that crumb rubber grinding 494 process plays an important role: for ambient crumb rubber the viscosity decreases with 495 the digestion time whereas for the cryogenic crumb rubber increases with the digestion 496 time. 497 498
Conclusions 499
Asphalt rubber is a complex material which holds new challenges for asphalt technologists as 500 well as contractors. In fact, in order to handle and manufacture asphalt rubber through the wet 501 process, asphalt plants need to be equipped with tanks with special augers able to maintain the 502 asphalt rubber stable during hot storage, hence avoiding phase separation. Typically, digestion 503 time needed to achieve the desired peak performance are up to one hour, however due to 504 practical issues related to operations at the asphalt plant, the "holding" time of the binder 505 might increase significantly. Hence, it is of paramount importance for asphalt technologists to 506 realize the effect of long digestion time on the properties of the asphalt rubber binder, so to 507 avoid contractors to discard a large quantity of asphalt rubber or asphalt mix. Hence, the main 508 objective of this work was to analyse the effect of long digestion time, up to 48 hours, on the 509 morphology, rheology as well as on the conventional properties of the asphalt rubbers kept 510 agitated in low shear at fixed temperature of 180 ºC, and also highlighting eventual 511 differences when different materials are used, both asphalt binders and rubber crumbs. As a 512 results, it is possible to conclude that the over-digested asphalt rubber seems having properties 513 comparable with those typically produced/store within 30 minutes, allowing to be used even 514 after prolonged digestion times. 
